Nonuniform dose distributions among disseminated tumor cells can be a significant limiting factor in targeted α therapy. This study examines how cocktails of radiolabeled antibodies can be formulated to overcome this limitation. Methods: Cultured MDA-MB-231 human breast cancer cells were treated with different concentrations of a cocktail of 4 fluorochrome-conjugated monoclonal antibodies. The amount of each antibody bound to each cell was quantified using flow cytometry. A spreadsheet was developed to "arm" the antibodies with any desired radionuclide and specific activity, calculate the absorbed dose to each cell, and perform a Monte Carlo simulation of the surviving fraction of cells after exposure to cocktails of different antibody combinations. Simulations were performed for the α-particle emitters 211 At, 213 Bi, and 225 Ac. Results: Activity delivered to the least labeled cell can be increased by 200%-400% with antibody cocktails, relative to the best-performing single antibody. Specific activity determined whether a cocktail or a single antibody achieved greater cell killing. With certain specific activities, cocktails outperformed single antibodies by a factor of up to 244. There was a profound difference (#16 logs) in the surviving fraction when a uniform antibody distribution was assumed and compared with the experimentally observed nonuniform distribution. Conclusion: These findings suggest that targeted α therapy can be improved with customized radiolabeled antibody cocktails. Depending on the antibody combination and specific activity of the radiolabeled antibodies, cocktails can provide a substantial advantage in tumor cell killing. The methodology used in this analysis provides a foundation for pretreatment prediction of tumor cell survival in the context of personalized cancer therapy.
Radi oimmunotherapy of cancer is a modality that uses radiolabeled antibodies to target, and locally irradiate, tumor cells (1) . Despite the promise of radioimmunotherapy, only 2 agents have thus far been approved by the U.S. Food and Drug Administration for therapeutic use. Although complex safety and regulatory issues have played a role in slowing the introduction of new agents, the limited number is also due in part to difficulties in adequately irradiating all the cancer cells; there are many interacting and complex reasons for this. One important yet under-investigated physiologic hindrance is that for a given antigen target, there is a nonuniform distribution in the number of binding sites per cell among any given population of cancer cells (2) (3) (4) . Consequently, after administration of a radiolabeled antibody, some cancer cells may have little or no antibody bind to their surface and therefore may not be lethally irradiated. The specific activity of the radioimmunoconjugate plays an important role in this issue (4) . This is critical for microscopic disease, in which therapeutically beneficial cross-irradiation from neighboring radiolabeled cancer cells may be limited (2) (3) (4) (5) (6) .
Microscopic disease arises principally from disseminated tumor cells (DTCs) that have been shed from primary tumors and localize in lymph nodes and organs such as bone marrow (7, 8) . DTCs can progress to micrometastases through a complex series of steps (7) . The presence of DTCs is a significant risk factor of a reduced life expectancy in patients (7, 8) , prompting changes to the histologic terminology used for staging; single cells or clusters of tumor cells with diameter of less than 0.2 mm have been defined as isolated tumor cells and are distinguished from micrometastases (0.2-2.0 mm) (9) . A key goal for targeted radionuclide therapy is to develop strategies to sterilize DTCs. A necessary prerequisite for sterilizing DTCs is to overcome the nonuniform activity distributions that are inherent in targeted radionuclide therapies. This is particularly important in the context of radioimmunotherapy with radionuclides that emit short-range a particles, often referred to as targeted a therapy.
Cocktails of radiolabeled monoclonal antibodies have been used in an effort to overcome problems associated with nonuniform targeting of tumor cells (10) (11) (12) (13) . Such cocktails have met with both failure and success (1). Pagel et al. enhanced the uniformity of activity distribution among B-cell lymphoma xenografts with a cocktail of 3 radiolabeled antibodies; however, the absolute uptake of the antibody combination was less than that of the single antibody with the highest uptake (14) . In contrast, Milenic et al. showed that 213 Bi-labeled antibody cocktails can improve therapeutic efficacy against human colon carcinoma xenografts (13) . These different outcomes suggest that approaches are needed to predict, on a caseby-case basis, the relative advantage of using cocktails of radiolabeled antibodies versus a single radiolabeled antibody for radioimmunotherapy. The present study examined some aspects of this relative advantage with antibodies targeted to a human breast cancer cell line. A Monte Carlo simulation was used to arm the antibodies with different a-particle emitters and determine cell survival after different treatments. This technique can guide pretreatment prediction of tumor cell survival for radioimmunotherapy with a given cocktail of radiolabeled antibodies.
MATERIALS AND METHODS

Cell Culture
The cell culture protocol followed that of Akudugu et al. (6, 15, 16) . Briefly, MDA-MB-231-luc-D3H1 (MDA-MB-231) human breast cancer cells (Caliper Life Sciences) were grown in minimum essential medium (Cellgro catalog number 10-010-CV). The medium was supplemented with heat-inactivated 10% fetal calf serum (Life Technologies catalog number 10438-026), 2 mM L-glutamine (Cellgro catalog number 25-005-CV), 100 units of penicillin per milliliter, 100 mg of streptomycin per milliliter (Cellgro catalog number 30-002-CI), and 10 mg of nonessential amino acids per milliliter (Cellgro catalog number 25-025-CI). Cells were grown as monolayers in 175 cm 2 flasks (37°C, 5% CO 2 -95% air, humidified) and were used for experiments (passages 29-34) at 70%-90% confluence.
Antibody Selection and Labeling
Candidate antibodies were selected on the basis of published expression profiles of potential molecular targets for MDA-MB-231 cells (17) (18) (19) . Four lead antibodies were selected. Three were obtained from BioLegend: APC anti-epidermal growth factor receptor (EGFR) (AY13), Pacific Blue anti-CD-73 (AD2), and phycoerythrin (PE) anti-CD-44 (BJ18). One was obtained from R&D Systems: AF-488 anti-CD-44 (691534). Additional antibodies were tested but not selected because of a relatively lower antigen density: Pacific Blue anti-EpCAM (9C4) and PE anti-CD-221 (1H7) from BioLegend; AF-700 anti-GLUT1 (202915) from R&D Systems; PE anti-EGFR (528), AF-405 anti-EGFR (R-1), and PE anti-Tag-72 (B72.3) from Santa Cruz; and PerCP anti-EGFR (LA22) from Millipore.
Cells were trypsinized (0.5% trypsin/ethylenediaminetetraacetic acid), resuspended in medium, syringed using a 21-gauge needle, counted, and centrifuged for 5 min at 27°C and 1,040 rpm. The supernatant was removed, the cells were resuspended in medium supplemented with only penicillin-streptomycin (incubation medium), and 3-mL aliquots containing 10 6 cells were transferred to 5-mL round-bottomed tubes. All tubes were centrifuged for 5 min at 27°C and 1,040 rpm and the supernatant removed. The cells were resuspended in 100 mL of incubation medium containing various combinations of fluorochrome-labeled monoclonal antibodies. The concentration of each antibody in a given combination was equivalent. A 1 mg/mL treatment, for example, contained a 1 mg/mL concentration of each antibody in the combination. The tubes were shielded from light and placed on a hematology mixer for 2 h at 37°C in 5% CO 2 and 95% air. After the labeling, the cells were washed in complete medium, resuspended in 1.0 mL of phosphatebuffered saline, and analyzed using a LSR II flow cytometer (BD Biosciences). Minimally, 300,000 cells were analyzed for each sample. The flow cytometry data were analyzed with FlowJo, version 8 (Treestar Software). Apparent debris in the forward scatter-side scatter plots was gated out, and compensation was performed.
Determination of Number of Molecules of Each Antibody on Each Cell
Flow cytometric analysis revealed a wide distribution of antibody uptake, with apparent lognormal-like characteristics. The fluorescence intensity of a given cell is directly proportional to the amount of bound antibody. Accordingly, Quantum Simply Cellular calibration beads (Bangs Laboratories, catalog number 815B) were used to calibrate the relationship between the number of antibody molecules bound to a cell and cellular fluorescence (4) . Calibrations were performed according to the manufacturer's instructions, and calibration coefficients were determined. Importantly, calibrations were conducted for each color within each experiment. No historical calibrations were used.
Simulation of Antibody Radiolabeling and Determination of Distribution of Cellular Absorbed Dose
The compensated flow cytometric fluorescence data for all cells in each sample population were copied from FlowJo and pasted into an Excel spreadsheet (Microsoft), and the number of molecules of each antibody on each cell was calculated using the calibration coefficients. Each antibody was then armed with 211 At, initially assuming a specific activity of 4.25 · 10 15 Bq/mol (4) ( 211 At-trastuzumab, 4.4-100 kBq/mg; molecular weight, 1.6 · 10 5 g/mol) and that each antibody delivers an initial activity A i Bq to the i th cell that is directly proportional to the number of molecules of that antibody that is bound to the cell. Additional specific activities were studied as per Tables 1  and 2 . The time-integrated activity coefficient ã was assumed to be 36,180 s, the physical half-life of 211 At. The cellular S value was taken to be 4.14 · 10 22 Gy Bq 21 s 21 , which is the absorbed dose to the cell nucleus per decay of 211 At and its daughter 211 Po on the surface of a spheric cell with radius 5 mm and nuclear radius 3 mm (20) . With these Bq mol −1 for B, and 1.56 · 10 17 Bq mol −1 for C. Specific activity of 225 Ac-antibodies is 8.14 · 10 12 Bq mol −1 for A, 8.14 · 10 13 Bq mol −1 for B, and 1.14 · 10 14 Bq mol −1 for C. Ratio . 1 implies cocktail is more lethal than single antibody. Ratios are average of 2 experiments. SEs are noted. Ab2 alone contains Ab2 (3 μg mL −1 ), cocktail contains Ab2 (1 μg mL −1 ), Ab3 (1 μg mL −1 ), and Ab4 (1 μg mL −1 ). Specific activity in column B is cited in literature for given radionuclide (4, 21, 22) . Column A is 10-fold reduction of that specific activity, and column C is specific activity required to result in about 10 survivors of analyzed population of 300,000 cells.
assumptions, the absorbed dose D i to the i th cell in each sample population was calculated for each antibody according to D i 5 ã A i S. This resulted in a distribution of absorbed doses for each sample population.
The same approach was adopted for 2 additional a-particle-emitting radionuclides, 213 Bi and 225 Ac. For 213 Bi, specific activity was 1.16 · 10 17 Bq/mol (21), ã was 3,864 s, and S was 5.32 · 10 22 Gy Bq 21 s 21 (20) . For 225 Ac, specific activity was 8.14 · 10 13 Bq/mol (22), ã was 1.21 · 10 6 s, and S was 1.65 · 10 21 Gy Bq 21 s 21 (20) . Daughter radionuclides were included in the cellular S values. Additional specific activities were studied as per Tables 1 and 2 .
Monte Carlo Modeling of Surviving Fraction (SF) of Breast Cancer Cells
The Monte Carlo simulation developed by Akudugu et al. (6, 15) , modified to account for specific activity and absorbed dose, was used to predict the SF of the cells for each antibody treatment assuming a mean lethal dose D 37 of 1 Gy. This approach calculates the probability that a given cell survives based on the absorbed dose contributions from each radiolabeled antibody on that particular cell and then uses a Monte Carlo approach to determine whether the cell lives or dies (15) . Simulations were also conducted for all possible combinations of antibody treatments to determine the SF of cells in each case. SF was calculated in two ways: one that used the antibody uptakes for each cell as measured by flow cytometry and one in which every cell in the population is assumed to contain the same amount of antibody, which corresponds to the mean antibody uptake of the population. To study the impact of specific activity on the relative advantage of using cocktails of antibodies versus single antibodies, simulations were conducted with progressively increasing specific activities of a-emitterlabeled antibodies until only about 10 cells survived. This arbitrary point was selected to avert the difficulties in identifying the specific activity that drives the stochastic result to zero survivors.
RESULTS
Preliminary flow cytometric analyses were performed for the candidate monoclonal antibodies to determine their relative fluorescence intensity profiles after treating MDA-MB-231 cells. Antibodies that demonstrated relatively low binding (based on their fluorescence intensity profiles) were excluded from further study.
On the basis of these findings, an antibody cocktail of 4 fluorescencelabeled antibodies (Ab1-Ab4) was prepared: (4, 21, 22) . Column A is 10-fold reduction of that specific activity, and column C is specific activity required to result in about 10 survivors of analyzed population of 300,000 cells. 1 mg/mL each of Ab1, Ab2, Ab3, and Ab4 are shown in Figure 1 . The uptake of each antibody resembles a lognormal distribution. Although cellular binding of a given antibody is directly proportional to fluorescence, the relative fluorescence values between the different fluorochromes of the 4 antibodies did not reflect the relative number of antibodies bound to the cells. Figure 2 shows the distribution of each antibody on the same cell population, after calibration with Quantum Simply Cellular beads. It can be seen that the second highest fluorescence intensity is Ab1, but after calibration Ab1 is actually the least expressed of the 4 antigens. This highlights the importance of calibrating every experiment, a practice that also accounts for any changes in flow cytometer settings. The mean number of antibody molecules per cell, as a function of treatment concentration, is shown in Figure 3 Figure 4 demonstrates the absorbed dose distribution for the MDA-MB-231 cell nuclei after the antibodies were armed with 211 At. Select combinations of the cocktail are depicted. The distributions after exposure to pre-and post-saturation concentrations of 0.5 and 3.0 mg/mL, respectively, are shown in Figures 4A and  4B , respectively. In both cases, the absorbed dose to the cell population increases as the available antibodies within the cocktail increases. Of note is the subpopulation of cells that receives very low absorbed doses from Ab4 (Fig. 4C) ; this distribution is not of lognormal character and further highlights the complexity of nonuniform antigen expression.
The SF of cells treated with each combination of radiolabeled antibodies in the quadruple-antibody cocktail was simulated (Fig.  5) . Ab2 was the most effective single antibody at all concentrations (Fig. 5A) . Adding any one of the remaining 3 antibodies decreased the SF at all concentrations (Fig. 5B) . At 5.0 mg/mL, the best-performing double-antibody cocktail, Ab2 and Ab3, resulted in an additional log of cell kill when compared with the best single antibody. The same can be seen at 0.5 mg/mL, except here the best double-antibody cocktail was Ab2 and Ab4 (anti-CD-44 BJ18). It is interesting that the best double-antibody cocktail was Ab2 and Ab4 at low concentrations but Ab2 and Ab3 at high concentrations, at which binding sites were saturating (Fig.  3) . When either remaining antibody was added to the best postsaturation double cocktail (Ab2 and Ab3), the SF decreased at all concentrations (Fig. 5C) . The triplet combination of Ab1, Ab2, and Ab4 performed approximately as well as the best postsaturation double-antibody cocktail at all concentrations. Additionally, the quadruple-antibody cocktail performed as well as or better than all triple cocktails at all tested concentrations.
The dependence of SF on antibody distribution was assessed for the different cocktail combinations at 1.0 mg/mL. The SFs derived from experimentally measured antibody distributions were compared with those from assumed uniform antibody distributions, in which each cell received the mean absorbed dose to the respective populations (Fig. 6) . The SF for the uniform distribution was significantly lower than the respective SF for the nonuniform experimental distribution for all combinations studied. As the number of the antibodies in the cocktail increased, so did the discrepancy between the SFs for the uniform distribution and the nonuniform experimental distribution.
Last, the dependence of cell killing on the specific activity of the 211 At-labeled antibodies was studied. In this context, the efficacy of antibody cocktails versus a single antibody was compared by holding the total antibody concentration constant (3.0 mg/mL) while varying the specific activity of the 211 At-labeled antibodies. Accordingly, single-antibody treatments were analyzed at 3.0 mg/mL, and antibody cocktails comprised 3 antibodies, each at 1.0 mg/mL. Cocktails were compared with Ab2 alone (Fig. 7A ) and Ab4 alone (Fig. 7B ), because they emerged as the most effective singleantibody treatments (Fig. 5A ). Similar analyses were performed for 213 Bi and 225 Ac (Tables 1 and 2 ).
DISCUSSION
Radioimmunotherapy is a promising cancer therapy but remains a relatively under-investigated and under-utilized treatment modality. This is particularly true in the context of targeting DTCs, a growing concern in cancer therapy (8, 24, 25) . One major constraint that has limited its advancement is insufficient targeting of the entire tumor cell population. We hypothesize that rational selection of the constituents of a cocktail of radiolabeled antibodies can improve targeting of the entire population of tumor cells and thereby increase the percentage of cells that are lethally irradiated.
With the exception of Ab4, the mean levels of antibody binding to MDA-MB-231 cells began to saturate with increasing concentration at about 1.0 mg/mL (Fig. 3) . This is reflected in the survival curves that correspond to single-antibody treatments (Fig. 5A) ; note that these curves begin to saturate at about 1.0 mg/mL as well. This parallels observations made by Akudugu et al. when MDA-MB-231 cells were treated with doxorubicin, daunomycin, and 210 Po-citrate (16) . The saturation in the Ab4 curve occurred despite the linear increase in mean antibody binding over the entire concentration range studied. As shown in Figure 4C , this can be attributed to insufficient targeting of a small subpopulation of cells that have low antibody binding. These cells receive much lower absorbed doses than the other cells in the population, which dramatically increases their probability of survival. This also explains why Ab2 attains a higher degree of cell kill than Ab4 (Fig. 5A) , despite the apparent advantage of Ab4 in Figure 3 .
It is interesting to note the changes in the absorbed dose distribution both when the concentration of a given 211 At-labeled antibody was increased and when additional antibodies were added to the cocktail. Comparison of Figures 4A and 4B shows that increasing the concentration from 0.5 to 3 mg/mL narrowed the distribution, a phenomenon observed by Akudugu et al. (16) . As more antibodies were added to the cocktail, at both presaturation (0.5 mg/mL, Fig. 4A ) and postsaturation (3 mg/mL, Fig. 4B ) concentrations, the shape of the absorbed dose distribution curve became taller and narrower (Fig. 4) .
At the presaturation antibody concentration, 0.5 mg/mL, the least irradiated cells in the single-antibody treatments received absorbed doses ranging from 0.1 to 1.0 Gy. The least irradiated cells treated with the different combinations of the cocktail received larger doses, with the triple-and quadruple-cocktail treatments delivering 3-4 Gy (Fig. 4A) . This difference is significant as indicated by the increased cell killing that can be achieved, at this concentration, when cells are treated with the antibody cocktails compared with a single antibody (Fig. 5A) . Similar observations could be made at the postsaturation concentration of 3 mg/mL, albeit at considerably higher absorbed doses (Figs. 4B and 5B) . The triple-antibody cocktail had an absorbed dose distribution almost identical to the quadruple-antibody cocktail (Fig. 4B) . At this concentration, it appears that Ab1 had little effect when combined with the 3 other antibodies. However, Ab1 had a slightly more observable contribution at the presaturation concentration (Fig. 4A) .
To focus on the impact of antibody distribution among the target cell population, dosimetry calculations assumed cell surface binding of antibodies and no biologic clearance from the cell or internalization within the cell. Anti-CD44, anti-EGFR, and anti-CD73 have been described to internalize on binding to cell surface receptors (26) (27) (28) (29) . This would increase the S values (i.e., dose per decay) beneficially by up to a factor of 6 depending on whether the radionuclide is shuttled to the nucleus (20, 30) . However, more importantly, the biologic clearance may be affected adversely, particularly in the case of 211 At, because halogens are metabolized by cells once internalized. Similarly, the decay of 225 Ac to its daughters may result in their departure from the cell, which would have a substantial impact on the dose delivered. Although these factors can play a major role in the distribution of absorbed dose among the targeted population, they are moot in the absence of an initial targeting distribution that is therapeutically viable.
Based on the shape of the distributions of fluorescence, and thus antibody molecules on the population of labeled cells, it appears that the binding of anti-EGFR, anti-CD-44, anti-CD-73, and anti-CD-44 on the surface of MDA-MB-231 cells was reasonably lognormal (Figs. 1-2) . Anti-CD-44 deviated from lognormal quite remarkably at the low expression end of the spectrum (Fig. 4C) . This was also observed for anti-CD20 and anti-TP3 in other cell lines (2) . Absorbed dose estimates often assume a uniform distribution by simply considering the mean. Figure 6 compares the response of MDA-MB-231 cells with cocktails of 211 At-labeled antibodies when absorbed dose distributions were calculated on the basis of the observed lognormal distribution versus an assumed uniform distribution. Far more cell killing was afforded by the uniform distribution than the experimental lognormal distributions, with up to a 16-log difference. This indicates that the lognormal antigen distribution among a cancer cell population is a substantial hurdle to overcome in radioimmunotherapy because it can be difficult to eradicate isolated tumor cells. This emphasizes the need to assess the distribution of each antigen to be targeted (2, 4, 16) . Furthermore, cocktails of antibodies can improve targeting and thus cell killing with radioimmunotherapy, enhancing the effectiveness of the therapy (Fig. 6) . The role of radiolabeled antibody cocktails is not limited to treating DTCs but is also important when treating very small micrometastases for which lognormal activity distributions of a emitters can affect the response of the cell population (20, 31) . As the size of the micrometastasis increases, the nonuniformity of the activity distribution may be dominated by issues related to the absence of sufficient penetration into the core (32) .
Specific activity is an important determinant in radioimmunotherapy (33) . However, the role of specific activity in determining the relative advantage of cocktails of radiolabeled antibodies relative to single radiolabeled antibodies has not been explored. Figure  7 provides insight into the critical role that specific activity plays in this assessment. When cell survival after treatment with 211 Atlabeled Ab2 alone is compared with a cocktail of 211 At-labeled Ab2, Ab3, and Ab4 at a fixed total antibody concentration of 3 mg/mL, it is apparent that the added benefit of the cocktail was modest regardless of the specific activity (Fig. 7A) . The relative advantage, defined as the ratio of the SFs resulting from the different treatments, was only 1.26-, 2.67-, and 1.38-fold for specific activities of 9.25 · 10 13 , 9.25 · 10 14 , and 1.25 · 10 16 Bq/mol, respectively (Table 1) . However, when 211 At-labeled Ab4 alone is compared with a cocktail of 211 At-labeled Ab1, Ab3, and Ab4 at a fixed total antibody concentration of 3 mg/mL, the relative advantage could be substantial (Fig. 7B) . Relative advantages of 0.34-, 2.83-, and 244-fold were obtained for specific activities of 1.25 · 10 14 , 1.25 · 10 15 , and 1.25 · 10 16 Bq/mol, respectively ( Table 2) . The large enhancement at the highest specific activity can be attributed to the increased capacity of Ab1 and Ab3 to contribute to the sterilization of the small population of cells with low Ab4 antigen density (Fig. 4C) when the specific activity was raised. This high specific activity is achievable (4) , and values as high as 1 GBq/mg (;1.6 · 10 17 Bq/mol) for 211 At-trastuzumab have been obtained (34) . If limited to specific activities of only 1.25 · 10 14 Bq/mol, then Ab4 alone is preferred. Similar results could be seen when the antibodies were labeled with 213 Bi or 225 Ac. For the mid-level and higher specific activities when Ab4 was used as the baseline for comparison, the cocktail was highly advantageous (Table 2) . When Ab2 was used as the baseline, the cocktail could have a modest benefit depending on the specific activity ( Table 1) .
The work described here provides a foundation for developing pretreatment prediction of DTC survival for radioimmunotherapy in a cancer patient. The approach can potentially be used as an aid to select constituents of a cocktail of radiolabeled antibodies for a given cancer in a given patient. One possible approach would be to obtain a marrow biopsy containing DTCs, which could then be subjected to labeling with fluorochrome-labeled antibodies and analyzed by flow cytometry. Monte Carlo modeling with the resulting fluorescence distribution data could reveal the most effective antibody cocktail in terms of predicted cell killing. The Monte Carlo approach also allows modeling with a single radionuclide or combination of radionuclides and with various specific activities. Alternatively, a cocktail of fluorescence-labeled antibodies could be injected into the patient before capture of the biopsy containing DTCs, followed by flow cytometric and Monte Carlo analysis. Investigation of these approaches in preclinical models is warranted.
CONCLUSION
Radioimmunotherapy has great potential for the treatment of cancer, especially against DTC populations, which account for a large percentage of therapy failures. A current shortcoming of radioimmunotherapy, particularly in the context of targeted a therapy, is the nonuniform distribution of antigen expression among cancer cell populations, which can result in inadequate tumor cell targeting and consequent delivery of sublethal absorbed radiation doses. The approach described here entails the use of multiplexed antibody cocktails to improve targeting and enhance killing of cancer cells to overcome the hurdle that nonuniform antigen expression can represent in targeted a therapy. It was demonstrated that the specific activity of the radiolabeled antibody can play a central role in determining the relative advantage of using antibody cocktails versus single antibodies. The methods described here provide guidance for personalized targeted a therapy of cancer.
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